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INTRO DUC TIO N

T h e  d e v e lo p m e n t  o f  m u l t im o d a l  f r e i g h t  s y s te m s  h a s  l e d  t o

t h e  c o n c e p t io n  o f  s e v e r a l  new m u l t im o d a l  r a i l r o a d  c a r  d e s ig n s .

T h is  r e p o r t  d e s c r ib e s  a  s e r i e s  o f  w in d  t u n n e l  t e s t s  p e r fo r m e d

t o  o b t a i n  t h e  a e r o d y n a m ic  c h a r a c t e r i s t i c s  o f  t h e s e  c a r s  a n d  a

C o m p a r is o n  w i t h  t h e  TTX  c a r  w h ic h  w as e x t e n s i v e l y  t e s t e d  i n

R e fe r e n c e  1 .  F i v e  new  c o n f i g u r a t i o n s  w e r e  t e s t e d :

T r a i l e r  T r a i n  P r o t o t y p e  40 a n d  45 f t .  t r a i l e r s

S a n t a  F e  10  P ac  40  a n d  45 f t .  t r a i l e r s

P a t o n  Lo  P ro  40 a n d  45 f t .  t r a i l e r s
35 a n d  40 f t .  c o n t a i n e r s

R o a d r a i l e r  45 f o o t  t r a i l e r s  S'

S o u th e r n  P a c i f i c  D o u b le  
S t a c k  A r t i c u l a t e d
C o n t a i n e r  C a r  40 f t .  c o n t a in e r s

T h r e e  o f  t h e  c o n f i g u r a t i o n s  w e re  f o r  t r a i l e r s  o n l y .  T h e  P a to n  

Lo  P ro  a c c o m o d a te s  b o t h  t r a i l e r s  a n d  c o n t a i n e r s ,  a n d  t h e  S o u th 

e r n  P a c i f i c  D o u b le  S ta c k  i s  f o r  c o n t a i n e r s  o n l y .  M o s t o f  t h e s e  

c o n c e p ts  a l s o  e m p lo y  a r t i c u l a t e d  c a r s  m ade up o f  u n i t s  o f  a b o u t  

45 f e e t  i n  l e n g t h .  The  S a n ta  F e  10 P a c  e m p lo y s  t e n  s u c h  u n i t s  

t o  fo r m  a  c a r ;  t h e  P a to n  Lo P r o ,  s i x  u n i t s ; ,  t h e  S o u th e r n  P a c i 

f i c  D o u b le  S t a c k ,  t h r e e  u n i t s ;  a n d  t h e  T r a i l e r  T r a i n  P r o t o t y p e ,  

tw o  u n i t s .

TE S T IN G  METHODS. . . . . . .  ■ ■ ■ . . ( , -

T h e  t e s t s  w e r e  r u n  i n  t h e  10 f o o t  G A L C IT  W in d  T u n n e l  a t

t h e  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o lo g y  i n  P a s a d e n a , C a l i f o r 

n i a  ' ( C I T ) .  T h e  t e c h n iq u e  u s e d  w as s i m i l a r  t o  t h a t  u s e d  i n  

th e  t e s t s  r e p o r t e d  a n d  d is c u s s e d  i n  R e fe r e n c e s  1 a n d  2 .  A  

g ro u n d  p la n e  w as i n s t a l l e d  a c r o s s  t h e  w in d  t u n n e l  a n d : t h e  

m o d e l t r a i n  m o u n te d  o n  a t r a c k  on  t h e  g ro u n d  p l a n e .  T h e  

t r a c k  w as a t t a c h e d  t o  a yaw  t a b l e  t h a t  c o u ld  b e  u s e d  t o  yaw  

t h e  m o d e l up  t o  a n  a n g le  o f  3 0 ° .  T h e  t r a i n  t e s t e d  c o n s is t e d

o f  a lo c o m o t iv e  (GM S D 4 5 - 2 ) , f ro m  t h r e e  t o  s i x  u n i t s  o f  t h e
■ ■; • • j-
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c o n f i g u r a t i o n  i n  q u e s t io n ,  a n d  a  f i n a l  b o x c a r .  T h e  r e s t r a i n t s  

o f  t h e  w in d  t u n n e l  r e q u i r e  t h a t  t h e  t r a i n  t e s t e d  b e  c o n s id e r 

a b ly  s h o r t e r  t h a n  a n  a c t u a l  c o n s i s t .  T h e  m o d e ls  w e re  1 / 4 3  

s c a le  r e s u l t i n g  i n  a t o t a l  t r a i n  l e n g t h  o f  a b o u t  9 f t .  D e

p e n d in g  o n  t h e  c o n f i g u r a t i o n ,  o n e  o r  tw o  u n i t s  o f  t h e  t y p e  

b e in g  t e s t e d  w e re  lo c a t e d  o n  t h e  b a la n c e  w h ic h  m e a s u re d  t h e  

s i x  c o m p o n e n ts  o f  f o r c e  a n d  m o m e n t. T h e  t e s t  c o n f i g u r a t i o n  was  

d e s ig n e d  t o  p la c e  t h e  u n i t s  l o c a t e d  o n  t h e  b a la n c e  ( c a l l e d  th e  

m e t r i c  u n i t s )  i n  a t y p i c a l  l o c a t i o n  w i t h  r e s p e c t  t o  t h e  s u r 

r o u n d in g  u n i t s  t h a t  t h e y  w o u ld  o c c u p y  i n  a  t y p i c a l  t r a i n .  The  

i m p l i c i t  a s s u m p t io n  w as m ade t h a t  o n ly  a  fe w  o f  t h e  u n i t s  a h e a d  

o f  a n d  b e h in d  t h e  m e t r i c . u n i t s  w e r e  im p o r t a n t  i n  e f f e c t i n g  th e  

f lo w ' a b o u t  t h e  m e t r i c  u n i t s .  T h e  a s s u m p t io n  w as r e q u i r e d  b y  

t h e  l i m i t e d  l e n g t h  o f  t h e  w in d  t u n n e l  t e s t  s e c t i o n .  A t r a d e  

o f f  h a d  t o  b e  m ade b e tw e e n  t h e  n u m b e r o f  u n i t s  i n  t h e  t r a i n  

t e s t e d  a n d  t h e  s c a le  o f  t h e  m o d e ls .  T h e  1 / 4 3  s c a le  w as s e l e c t e d  

b e c a u s e  m o d e l t r a i l e r  k i t s  w e r e  a v a i l a b l e  i n  t h i s  s c a l e  a n d  i t  

w as s u f f i c i e n t l y  c lo s e  t o  t h e  1 /4 8  s c a le  u s e d  i n  0  g a u g e  r a i l 

r o a d  m o d e ls  s u ch  t h a t  0  g a u g e  w h e e l  t r u c k s  c o u ld  b e  u s e d  o n  t h e  

m o d e ls .

T h e  m u l t i u n i t  c a r s  o f  t h e s e  c o n f i g u r a t i o n s  p o s e d  p ro b le m s  

w h ic h  h a d  n o t  b e e n  i n v o lv e d  i n  t h e  p r e v io u s  c o n f i g u r a t i o n s  

t e s t e d .  S in c e  an  e n t i r e  c a r  w as  t o o  lo n g  t o  f i t  o n  t h e  e x i s t -  

; i n g  b a la n c e  a s s e m b ly  a n d  a ls o  to o  lo n g  t o  f i t  i n  t h e  w in d  

t u n n e l  ( a lo n g  w i t h  a d d i t i o n a l  u n i t s  a h e a d  a n d  b e h in d )  i t  was  

d e c id e d  t o  t e s t  th e  c a r  b y  u n i t s .  Two u n i t s  o f  a p p r o x im a t e ly  

45 f e e t  s c a le d  l e n g t h  w h ic h  w as t h e  u n i t  l e n g t h  o f  a l l  o f  t h e  

c o n f i g u r a t i o n s  e x c e p t  t h e  S o u th e r n  P a c i f i c  D o u b le  S t a c k  w o u ld  

f i t  o n  t h e  b a la n c e .  T h e  S o u th e r n  P a c i f i c  D o u b le  S ta c k  u n i t s  

w e r e  a b o u t  60 f e e t  s c a le d  l e n g t h  a n d  o n ly  o n e  u n i t  w as l o c a t e d  

o n  t h e  b a la n c e  a t  a t i m e . .  T h e  t e is t s  h a d  t o  b e  d e s ig n e d  so t h a t  

t h e  u n i t s  o n  t h e  b a la n c e  w e r e  s u r r o u n d e d  b y  t h e  p r o p e r  u n i t s  

a n d  e v e r y  c o n f i g u r a t i o n  o f  m e t r i c  u n i t s  a n d  s u r r o u n d in g  u n i t s  

w h ic h  e x i s t  i n  t h e  a c t u a l  c o n f i g u r a t i o n  was m o d e le d . To  a c 

c o m p lis h  t h i s  o n ly  o n e  c o n f i g u r a t i o n  o f  u n i t s  w as r e q u i r e d  f o r  

t h e  T r a i l e r  T r a i n  P r o t o t y p e ,  t h r e e  f o r  t h e  S a n t a  Fe 10 P a c ,  tw o
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for the Paton L o  Pro, one for the Roadrailer, and three for the 
Southern P acific Double Stack.

This system of testing had the advantage that it deter
mi n e d  the forces on individual or small numbers of units. This 
allows the force on a variety of car configurations made up of 
different numbers of these units to be determined from this one 
set of tests. The axial force, which is probably the one of 
greatest interest, for the entire car or for an entire train of 
like cars, can be determined by adding together the axial forces 
measured in the individual tests. Other forces such as lift 
and side force and the rolling moment are of greatest interest 
for individual units. While the individual units of a car offer 
some r e s traint o n  each other relative to being bl o w n  off the 1 
track, the restraint is limited and it is useful to know the e f 
fect on each individual unit. The disadvantage to this mode of ; 
testing is th a t  it is more complicated and requires a greater
number of tests to achieve the results for a complete car.

The w i n d  tunnel configuration is shown in Figure 1. The 
metric b a r  is 21 inches long and mo u n t e d  in a slot along the 
centerline Of the track. It is set at a level slightly below 
that of the track. The opening is then bridged with a thin 
sheet of me t a l  w i t h  holes through wh i c h  pass the hold-down 
screws of the various units mounted on the balance. In this
way the ba l a n c e  plate is shielded from the air flow. . The cars
are supported sufficiently high so that their wheels are Slightly 
raised above the track to prevent corftact with the metal cover 
plate. •' ; ■

A e r o d y n a m i c  theory and practice has established that aero
dynamic forces on objects scale as the dynamic pressure of the 
air flow, one half the air density times the velocity squared. 
Tests ,at different velocities can be correlated if the actual 
forces are div i d e d  by the dynamic pressure to form a number ‘ 
which has.the dimensions of area. Once this force area has 
been determined for tests at one velocity it can be used to p r e 
dict forces a t  any velocity by multiplying the force area by the 
appropriate dynamic pressure. This same concept can be applied



to moments. In this case the nu m b e r  obtained by dividing the 
moment by the dynamic pressure has the dimensions of area. To 
facilitate in this process Table 1 shows dynamic pressure as a 
function of relative wind velocity for sea level conditions.b • E, ' •.
For instance, if the axial force area were 20 square feet, the 
axial force at 50 mph w o u l d  be 6.38.4 pounds per square foot 
times 20 square feet equalling 127.7 pounds. At 70 mph, the 
dynamic pressure would be 12.513 pounds per square foot and the 
force 250.3 pounds.

TEST CONFIGURATIONS
The Trailer Train Prototype is a two unit car, each capable 

of carrying a 45 foot or shorter trailer. Both units of t h e c a r  
were mounted on the balance and two additional two-unit cars' f” ' i " ■
were used ahead of and behind the m e t r i c  unit in addition to the 
locomotive and boxcar a;t either end of the train. Drawings of 
the models are shown in Figure 2, the locations of the trailers- r , ' .
and cars as mounted in the w i n d  tunnel in Figure 3/ and a p i c 
ture Of the configuration mo u n t e d  in the wind tunnel in Figure 4. 
The car .was tested with both 40 and 45 foot trailers on all units 
and for'travel in forward a n d  b a c k w a r d  directions.

The Santa Fe 10 Pac is a ten unit car which can carry 40 
and 45 foot trailers, Figure 5. The two end units are different 
than ..the" eight middle units. The en d  units are identical', except 
that they are turned in opposite directions. The result is 
that the trailer On the rear unit faces in the opposite direc
tion from the trailers on the ot h e r  nine units resulting in a 
different gap between the trailer o n  the ninth and tenth unit. 
Three middle and two end unit models were constructed. This car 
had t<? be tested, in the following manner:

Forward Units Metric Units Trailing Units
Fprward tests: *

Leading/ middle Middle, middle Trailing
Middle, middle Middle,: trailing Leading
Middle, trailing Leading, middle Middle

Backward tests:
Trailing, middle Middle, middle Leading
Middle, leading Trailing, middle Middle
Middle, middle Middle, leading , Trailing

4



The rationale behind setting up this arrangement was so that 
the metric units wo u l d  always be preceded by two units and 
trailed by one which correctly simulated the real Situation.
The spacing for the' trailers and car units mounted in the wind  
tunnel is shown in Figure 5. Photographs of the configurations 
are shown in Figure 6. The car was tested with both 40 and 45 
foot trailers and for travel in the forward and backward direc
tions. /

The Paton Lo Pro is a six unit car designed to carry 40 
and 45 foot trailers as well as 20, 35, and 40 foot containers.
The car consists of four middle units, a leading and a, trailing‘ s
unit. All the trailers face in the same direction. Models of 
a leading , trailing * and three middle units were constructed, 
Figure 7. These units were tested in two different arrangements 
as follows:

: Forward Units " Metric Units Trailing U n i t s :
• Forward t e s t s :

Leading, middle Middle, middle Trailing
Middle, middle Trailing, leading Middle

B ackward tests:
Trailing, middle Middle, middle Trailing
Middle, middle Leading, trailing Middle

The spacing of the trailers and containers on the cars are shown 
in Figure 8, Photographs of the configurations are shown in 
Figure 9. This car was tested wi t h  40 and 45 foot trailers, 35 
and 40 foot containers and for travel in the forward and ba c k 
w a r d  directions.

The Roadrailer configuration consists of identical units 
wh i c h  are used to form a train. They are all 45 foot units.
For these tests, two units were mounted o n  the balance wi t h  two 
units ahead and two units behind. A  drawing of the Roadrailer 
and the spacing in the wind tunnel is shown in Figure 10. Photo
graphs of this configuration are shown in Figure 11. These units 
were tested in the forward direction only since the developer has 
not indicated the feasibility of high speed line haul o p e r a t i o n s 1 
in the ba c k w a r d  direction.

The Southern Pacific Double Stack is designed to carry 40 
foot containers only. It is a three unit car consisting of two

' "• ‘ ■ 5 .... . “ i,; '



end units and one middle unit, Figure 12. The configuration 
was tested in three tests locating each unit on the balance as 
follows:

Forward Units Metric Units Trailing Units
Leading Middle Trailing
Trailing Leading Middle

‘ Middle Trailing Leading
The 'spacing of the units is shown in Figure 10 and photographs
in Figure 13. Since this unit is symmetric it was only tested
in one direction.

The TTX car had previously be e n  tested wi t h  40 foot trailers 
in both the forward and backward directions and with 40 foot con
tainers in one direction. A  check'run was made with this con
figuration using 40 foot trailers traveling in the b a ckward d i r 
ection. A  drawing of the TTX car along wi t h  a photograph in the 
Wi n d  tunnel is shown in Figure 14. Other than this, the results 
from the previous testing, Reference 1, will be used in this re
port. In comparing the results p r e s e n t e d  in this report to those 
in Reference 1 please note that these results are half as large 
because they are per trailer and not pe r  car.

TEST RESULTS
The w i n d  tunnel results are shown in tabular form for 

axial force area, Table,2; lift force area, Table 3; side force 
area, Table 4; and rolling moment volume, Table 5. These tables 
show the results for the different units mou n t e d  on the balance.

In order to combine these results for the different units 
into that for a multiunit car, it is necessary to add together 
the different results. The following relations are used to 
obtain axial force results for complete c a r s .

Santa F e : The results o b tained here are only appropriate
for a car of four units or greater. The appropriate relation 
is

CAA (caa ) lm + (caa ) mt

where n is the total number of units. n w d u l d  be ten for the 
10 Pac configuration.

' Paton Lo P r o : From this data, axial force can be' d e t e r 
mined for cars, of four or more units. The appropriate rela

6



tion is

CAA  = (CAA ) TL * “T “ {CAA *MM 
n equals six is the configuration shown by Paton.

Southern Pacific Double S t a c k : This data can be used to
determine the axial force on cars of three units or longer. > The 
appropriate relation is

c a a  = (c a a )l  + (n-2) CCa A ) m  + (CAA ) T

A  three unit car is the configuration used by Southern Pacific.
Trailer Train P r o t o t y p e : The results are only appropriate

for the two unit car as used by Trailer Train.
R o a d r a i l e r : The results are appropriate for single units

and a pplied to as many of these units coupled into a train as 
desired.

T T X ; The TTX car was tested as a single unit and the re
sults have been presented in Reference 1. In this present 
series of tests, a check run was made to compare wi t h  these pre
vious results and this comparison is presented in A ppendix B .

Special formula for obtaining the.axial force area for cars 
that were tested as separate units have now been given. These 
formula have not been included for cars that were tested as com
plete units since they do not appear to be necessary. Once the 
force a r e a .for a car has been obtained, the force area for trains 
made up of these cars can be obtained by multiplying the value 
for one car by the number o f  cars.

AX I A L  FORCE
Using these relations, the tests of the various units have 

be e n  used to find the axial force on the entire car of the. 
number of units suggested by their developers. The force on 
the entire car is then divided by the number of trailers or con
tainers carried to arrive at an axial force per trailer or, con
tainer. This is done since the cars are of different size and 
it is not meaningful to compare them o n  a car for car basis.
This axial force is also the axial force per unit since each 
unit carries only one trailer or container e x c e p t  for the South
ern Pacific which has two containers per unit. The axial force

7 .■ ■ . , ■



per container or trailer is shown in Figures 15 - 20. Two 
ordinate scales are used to give the force,as.a force area and 
as the actual force assuming 70 mp h  relative wind velocity. In 
these figures, the attempt has b e e n  made to group the results 
for the different configurations' together on the same figure 
to facilitate comparison b etween different ways of loading or 
operating a particular type of equipment. Another presentation 
of these same results is shown in figures 21 - 23. Results for 
the different configurations are g rouped together according to 
the type of load carried, 45 foot -trailers, 40 foot trailers, 
and containers.

Figures ?1 - 23 provide an easy w a y  to assess the aero
dynamic efficiency of the various designs. These figures show 
the advantage of having the trailers facing forward rather than 
backward. This is because the forward corners; of the trailers 
are rounded and the rear corners are sharp. , This difference 
can be as large as the difference be t w e e n  configurations. For 
the 45 foot trailers Figure 21 shows that the most efficient is 
the Roadrailer and the least e f ficient is the Trailer Train 
Prototype* The S a n t a  Fe 10 Pac and the Paton Lo Pro are about 
the same except that the Paton Lo Pro is poorer backwards at 
large angles, or  yaw. The lower profile of the Paton Lo Pro is 
apparently compensated by the shorter length''per unit and in
creased number of units per car for the Santa Fe 10 Pac. The 
greater spacing between trailers pro b a b l y  accounts for its 
higher axial force at larger angles of yaw. For the 40 footj , . ’
trailers, Figure. 22, the relations b e t w e e n  the; various designs 
remain about the s a m e . However, the Paton Lo Pro, tends to be 
somewhat better w i t h  respect to the Santa Fe 10 Pac for the 
40 foot trailers, than for the 45 foot trailers. The axial force 
is generally higher for the 40, foot trailers than for the 45 
foot trailers, for all designs. This can be seen more eaisily in 
Figures 15 - 17. The TTX car compares favorably with the newer 
designs for carrying 40 foot trailers. The new configurations 
are designed to carry 45 foot trailers and are less efficient 
when carrying 40 foot trailers. The comparison for containers

- 8



is limited to only three designs, the Paton Lo Pro, the Southern 
Pacific Double Stack, and the TTX. The Paton Lo Pro and the 
S outhern Pacific Double Stack are about the same w h e n  the South
ern Pacific Double Stack is carrying only one container per 
unit; When it is loaded with two containers it clearly has lower 
axial force per container. At first it might seem that the South
ern Pacific Double Stack wi t h  a two container load was aerody- 
namically inefficient because o f  its height. O n f u r f h e r  reflec
tion it seems reasonable, and is born out by the tests, that the 
additional container only adds the frontal area of the container 
and does not double the axial force while doubling the number 
of containers. The Southern Pacific Double Stack car does have 
the disadvantage that it has a large axial force w h e n  empty.
This is because of the bulkheads at the front and the rear of 
each unit. The importance of this effect will depend on t h e 1 
amount that this car must be run in the empty condition. The 
TTX car gives considerably lower drag than the Pa t o n  Lo Pro 
and only a little more than the Southern Pacific Double Stacks 
The poor relative performance of the Paton Lo Pro is caused by 
the fact that it is not lower than the TTX car w h e n  carrying 
containers but is considerably longer with large gaps between 
the containers.

LIFT, SIDE FORCE, AND ROLLING MOMENT .
Lift, side force, and rolling moment do not have a primary 

effect On the efficiency of the train but can contribute to ca
tastrophic events such as derailments. For these forces and 
moments, an average over all the units of a car does not seem 
to be the best since an individual unit could be derailed if 
the forces on it were too high (there is only limited restraint 
be t w e e n  the different units). Since in several cases the forces 
on multiple units have be e n  measured together, it ma y  be neces
sary to make certain assumptions in determining the forces on 
the separate units. For the Trailer Train Prototype, the force 
on the two units has always been measured together and there is 
no w a y  o f  separating between the forward and trailing unit. For

9



the Santa Fe . 10 Pac, the force on a middle unit can be taken 
as half the force m easured on two units'. The force on the 
leading and trailing cars can then be det e r m i n e d  by subtract
ing the force on a middle unit from the combined measurement \ • > ' 
of the leading middle units and middle trailing units to obtain
the forces on the leading and trailing units only. For the 
Paton Lo Pro the force on a middle unit is half the force .on 
the two middle units. In order to separate the forces on the 
leading; and trailing units the assumption has been made that 
the forces on the trailing unit are the same as on the middle 
unit and the forces on  the leading unit are then obtained by

c
subtraction. Results from the tests of the Santa Fe units seem 
to bear out this assumption. For the Southern Pacific Double 
Stack the forces on  the. individual units were measured and the 
Roadrailer units are all similar, so there is no p roblem with 
either of these configurations.

Tables 3 - 5  show the lift, side force, and rolling m o 
ments on the various units as tested in the wi n d  tunnel. All1
of these forces and moments are small at zero yaw angle. The 
side forces and rolling moments should be precisely zero at 
this conditipn. For the lift forces a positive value shows an 
upward force. At zero yaw the forces are generally small 
compared with the values at large ya w  angles and some tests 
show negative values. The tests were not designed to measure 
these small values and little significance should be attached 
to them and to the variation in the sign. If the train is 
truly symmetric and at zero y a w  angle, symmetry arguments re
quire that the.side force and rolling moment be zero. Most of 
the zero yaw angle results in the two tables for side force and 
rolling moment, show negatives. The definition of positive and 
negative in these two quantities as well as the yaw angle is, 
of course, arbitrary. They have been chosen such that at a 
positive yaw angle a side force towards the lee side of the 
vehicle is called positive and the rolling moment caused by 
such a force is also positive. The predominance of negative 
side forces and rolling moments at nominal zero yaw angles in
dicates most likely that this Was not precisely zero yaw angle

1 0



b u t  p r o b a b ly  s l i g h t l y  n e g a t i v e .  T h e  m a g n i tu d e ,  r e l a t i v e  t o  

t h e  m a g n itu d e  a t  l a r g e r  yaw  a n g le s ,  shows t h a t  s m a l l  e r r o r s  i n  

yaw  a n g le  w o u ld  a c c o u n t  f o r  th e s e  r e s u l t s .  T h e r e  a r e  o t h e r  e x 

p l a n a t i o n s  s u c h  a s  t h e  c a r s  n o t  b e in g  p r e c i s e l y  l i n e d  up w i t h  

e a c h  o t h e r  t h a t  c o u ld  a c c o u n t  f o r  t h e s e  e f f e c t s .  T h e  r e a d in g s  

a t  z e r o  yaw  a n g le s  c a n n o t  b e  c o n s id e r e d  a  s i g n i f i c a n t  a e r o d y 

n a m ic  r e s u l t  a n d  a s  s u c h  s h o u ld  b e  ig n o r e d .

T h e  l i f t ,  s id e  f o r c e ,  a n d  r o l l i n g  m om ents e x p r e s s e d  a s  

f o r c e  a r e a s  a n d  m om ent v o lu m e s  an d  a ls o  a s  f o r c e s  a n d  m om ents  

a t  70 mph r e l a t i v e  w in d  v e l o c i t y  f o r  t h e  d i f f e r e n t  c o n f i g u r a 

t i o n s  a r e  show n i n  F ig u r e s  24  -  3 8 .  T h e  g e n e r a l  c o n c lu s io n  i s  

t h a t  t h e  h i g h e r  c o n f i g u r a t i o n s  g iv e  h ig h e r  l i f t ,  s id e  f o r c e ,  

a n d  r o l l i n g  m o m e n ts .

T h e  r o l l i n g  m om ents r e s u l t  f ro m  a  c o m b in a t io n  o f  f o r c e s  

w h ic h  i n c lu d e  t h e  s id e  a n d  l i f t  f o r c e s .  T h e  r o l l i n g  m om ents  

a c t  a b o u t  t h e  l o n g i t u d i n a l  c e n t e r - l i n e s  o f  t h e  v e h i c l e s  a s  

p r o j e c t e d  i n  t h e  p la n e  d e f i n e d  b y  t h e  to p s  o f  t h e  r a i l s .  T h is  

d a t a  w o u ld  b e  u s e f u l  i n  p e r f o r m in g  a n a ly s e s  o f  v e h i c l e  s t a b i l i t y  

w h e r e in  t h e  c r i t i c a l  c r o s s  w in d  c o n d i t io n s  f o r  r o l l o v e r  a r e  t o  

b e  e s t im a t e d .  I t  s h o u ld  b e  n o te d  t h a t  d u e  t o  d im e n s io n a l  l i m i 

t a t i o n s  o f  t h e  t u n n e l ,  d a t a  w as a c q u i r e d  f o r  yaw  a n g le s  o n ly  

b e tw e e n  0 a n d  30  d e g r e e s .  R o l l i n g  m om ent d a t a  f o r  t h e  r a n g e  o f  

f r o m  30 t o  90 d e g r e e s  w o u ld  b e  n e c e s s a r y  t o  f u l l y  s tu d y  t h e  

c r o s s  w in d  s t a b i l i t y  i s s u e .
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45' Trailers

4 0 \ Trailers

Figure 4. Trailer Train Prototype Model iri W i n d T u n n e l .
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Middle and Trailing Units on Balance, 45' Trailers

Leading and Middle Units on Balance., 40' Trailers 

Figure 6. Santa Fe 10 Pac Model in Wind Tunnel.
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F igu re 7 a . Drawing o f  M odel f o r  Paton Lo Pro C ar. L ead in g  U n it . One C o n stru c te d .
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F igu re 7 c . Drawing f o r  M odel f o r  Paton Lo Pro Car.- T r a i l i n g  U n it . One C o n stru c te d .
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F ig u r e  8 .  L o c a t io n  o f  T r a i l e r s  a n d  C o n t a in e r s  o n  P a to n  L o  P ro  C a r  an d  
B e tw e e n  U n i t s  o f  C a r  as  M o u n te d  i n  t h e  W in d  T u n n e l .
T op  -  T r a i l e r s .  B o tto m  -  C o n t a i n e r s .
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T r a i l i n g  an d  L e a d in g  U n i t s  on  B a la n c e ,  4 5 '  T r a i l e r s

Two M id d le  U n i t s  on  B a la n c e ,  4 0 ' C o n t a in e r s

Two M id d le  U n i t s  on  B a la n c e ,  3 5 ' C o n t a in e r s  

F ig u r e  9 .  P a to n  Lo P ro  M o d e l i n  W ind  T u n n e l .
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F ig u r e  1 0 .  T o p  -  L o c a t io n  B e tw e e n  U n i t s  o f  S o u th e r n  P a c i f i c  D o u b le  
S t a c k  A r t i c u l a t e d  C o n t a i n e r  C a r  a s  M o u n te d  i n  t h e  W in d  
T u n n e l .  B o tto m  -  R o a d r a i l e r  M o d e l a s  M o u n te d  i n  t h e  W in d  
T u n n e l  W i t h  R e m o v a b le  S k i r t .
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S t a n d a r d  U n i t s

U n i t s  W i t h  F a i r i n g  S k i r t

F i g u r e  1 1 .  R o a d r a i l e r  i n  W in d  T u n n e l .
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F ig u r e  1 2 b . D r a w in g  o f  M o d e l f o r  S o u th e r n  P a c i f i c  D o u b le  S ta c k  A r t i c u l a t e d  C o n t a in e r  
C a r .  M id d le  U n i t .  O ne C o n s t r u c t e d .



L e a d in g  U n i t  on B a la n c e ,  One 4 0 ' C o n t a in e r

M id d le  U n i t  on B a la n c e ,  Em pty

F ig u r e  1 3 .  S o u th e rn  P a c i f i c  D o u b le  S ta c k  A r t i c u l a t e d  C o n t a in e r  
C a r  i n  W in d  T u n n e l .
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F ig u r e  1 4 .  Top  -  D ra w in g  o f  TTX C a r .  B o tto m  TTX C a r  i n  
t h e  W in d  T u n n e l .
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F ig u r e  1 5 ,  A x i a l  F o r c e  P e r  U n i t  o f  T r a i l e r  T r a i n  P r o t o t y p e  
a s  a  F u n c t io n  o f  Yaw A n g le . '  F o r c e s  G iv e n  as  a  
F o r c e  A r e a  a n d  f o r  70  mph R e l a t i v e  W in d  V e l o c i t y .
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A r t i c u l a t e d  C o n t a in e r  C a r  as  a  F u n c t io n  o f  Yaw  
A n g le .  F o r c e s  a r e  P e r  C o n t a in e r  a n d  P e r  C a r  U n i t  
f o r  t h e  E m p ty  C a s e . F o r c e  G iv e n  as  a F o rc e  A r e a  
a n d  f o r  70 mph R e l a t i v e  W in d  V e l o c i t y .
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F ig u r e  2 1 .  A x i a l  F o r c e  o n  D i f f e r e n t  C a r s  w i t h  45  F o o t  T r a i l e r s  p e r  T r a i l e r  a s  a  
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F ig u r e  2 3 . A x i a l  F o r c e  o n  D i f f e r e n t  C a rs  w i t h  40 F o o t  C o n t a in e r s  p e r  C o n t a in e r  as  
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R e l a t i v e  W in d  V e l o c i t y .
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4 5 '

R e l a t i v e  W in d  V e l o c i t y .
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F ig u r e  2 5 b . L i f t  F o r c e  P e r  U n i t  o n  S a n t a  F e  10 P a c  a s  a
F u n c t io n  o f  Yaw A n g le  f o r  B a c k w a rd s  D i r e c t i o n .  
F o r c e  G iv e n  as  a F o r c e  A r e a  a n d  f o r  70 mph 
R e l a t i v e  W in d  V e l o c i t y ,
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S ta c k  A r t i c u l a t e d  C o n t a in e r  C a r  as  a  F u n c t io n  
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Figure 31a. Side Force on Paton ,Lo Pro Unit with 45 and 40 Foot Trailers
Facing Forward as a Function of Yaw Angle. Side Force is Given
as a Force Area and for 70 mph Relative Wind Velocity.
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Figure 33.
ip degrees

Side Force on Units; of the Southern Pacific Double Stack Articulated 
Container Car as a Function of Yaw Angle for One and Two 40 Foot Con
tainers and. Empty.. Force is Given as a Force A r e a  and for 70 mph Rela
tive W i n d  Velocity.



type Car as a Function of Yaw Angle. Moment is 
Given for Moment Volume and for 70 mph Relative 
Wind' Velocity.
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DYNAMIC PRESSURE q AS A FUNCTION 
OF RELATIVE WIND VELOCITY VR

T A B L E  1

VR (mph) q ( # / f t 2 )

10 .2 5 5 3
20 1 .0 2 1 4
30 2 .2 9 8

40 4 .0 8 5
50 6 .3 8 4
60 9 .1 9 3
70 1 2 .5 1 3
80 1 6 .3 4 3
90 2 0 .6 8 4

100 2 5 .5 3 6

6 3



TABLE 2
AXIAL FORCE AREA* C AA 

_  ( f t . 2)
For 1 or 2 Units a s .S p ec ifled

YAW ANGLE
0 6 12 18 24

UNITS ON BALANCE
SANTA .FE

1

45 f t !  t r a i le r s ,  facing forward
Leading, middle 46.63 59.55 99,79 117,43
Middle, middle 37.93 48.66 79.49 97.24 103.79
Middle, tra ilin g

t '
41.87 54.49 94.85 117.76

40 f t 1 t r a i le r s , facing forward
Leading, middle 47.19 57.08 97.09 113.23
Middle, middle 52.42 56.00 90.71 108.43 119.42
Middle, t ra ilin g 55.74 65.41 107.85 147.92

45 f t .  t r a i le r s ,  facing backward
T ra ilin g , middle 44.70 60.31 106.87 127.31 143,54
Middle, middle 44.03 56.98 94.20 111.23
Middle, leading 50.89 66.54 110.40 130,59

40 f t .  t r a i le r s , facing backward
T ra ilin g , middle 53.09 71.37 117.51 153.61 181.09
Middle, middle 51.48 70.67 129.03 1,59.23 168.43
Middle, leading 53.17 78,26 146.33 179.51

Empty,, facing  forward
Leading, middle 14.27 19.50 27.43 37.85 44.29
M iddle, middle 16.56 20.84 28.65 34.68 38.97
Middle, tra ilin g 16.35 24.46 32.76 37.32 42.66



TABLE 2 

0 6

UNITS ON BALANCE
PATON LO PRO
40 f t .  t r a i le r ,  fa cin g  forward 

Middle, middle 42.47 46.96
T ra ilin g , leading 47.89 55.84

45 f t .  t r a i le r ,  facing  forward 
Middle, middle 37.55 42.07
T ra ilin g , leading 47.53 54.33

40 f t .  t r a i le r ,  fa cin g  backward 
Middle, middle 37.68 50.03
Leading, t r a ilin g  51.38 63.89

YAW ANGLE
12 18 24 30

( c o n t i n u e d )

85.20 106.38 124.73
93.88 125.75 153.70

81.96 94.93 108.05
87.92 117.32 140.55

100.11 137.29 159.86
117.18 156.24 182.80

45 f t .  t r a i le r ,  fa cin g  backward
Middle, middle 
Leading, tra ilin g

32.41
57.24

50.31
68.74

106.42 
122.26

138.78
163.81

164.70
188.38 204.53

Empty, fa cin g  forward 
Middle, middle 
T ra ilin g , leading

19.00
21.40

19.79
22.91

26.14
27.55

33.07
35.77

41.32
47.32

47.76
55.92

40 f t .  container
Middle, middle 
T ra ilin g , leading

34.14
46.02

37.99
47.88

66.57
83.55

84.05
108.89

94.53
125.80

35 f t .  container 
Middle, middle 
T ra ilin g , leading

29.36
40.92

37.77
52.59

76.06
86.67

102.59
117.37

126.65
157.31

6 5



)

YAW ANGLE
0 6 12 18 24 30

UNITS ON BALANCE

TA B LE 2  ( c o n t i n u e d )

SOUTHERN PACIFIC DOUBLE STACK 
Two 40 f t .  containers ,

Middle 20.29 23.77 38.64 46.56 54.98

T ra ilin g 26.95 27.66 3b. 58 40.30 53.81 60.59

Leading 41.02 48.85 -75.47 99.13 113.96

One 40 f t .  container
Middle 16.63 19.92 30.59 36.46 41.00 40.96
T ra ilin g 17.78 .20.33 23.08 32.11 35.82 37.56
Leading 30.87 35.14 49.23 60.96 67.94 71.83

Empty
Middle 38.97 50.37 73.69 87.86 95.81 101.99
T ra ilin g 38.03 48.45 69.91 84.02 88.95 91.87
Leading - 61.22 74.74 H I . 29 137.66 147.32 149.45

TRAILER TRAIN PROTOTYPE
- '

Two 45 f t .  t ra ile r s  
Facing forward 62.32, 63.71 v 106.01 127.32 147;72
Facing backward 63.56 80.78 149.49 175.39 188.38

Two 40 f t .  t ra ile r s  
Facing forward 68.54 66.93, 111.04 140.63 170.03
Facing backward 67.77 83.34 148.48 188.48 219.02

Empty 22.93 29.58 45.53 58.06 63.58 69.40

ROADRAILER
1

Two . 29.85 37.56 60.64 70.37 76.63 76.91
Two with sk ir t 25.34 29.95 44.73 55.66 62.64 65.45

6 6



TABLE 3
LIFT FORCE AREA 

( f t . 2)
For 1 or 2 units as specified

YAW ANGLE
0 6 12 18 24 30

UNITS ON BALANCE 
SANTA FE
45 f t .  t ra ile rs , facing forward

Leading, middle 1.62 22.86 68.97 139.85
Middle, middle - 4.10 15.12 53; 87 121.01 251.68
Middle, tra ilin g 1.79 23.02 46.22 90.73

40 f t .  t ra ile r s , facing forward
Leading, middle 0.74 21.31 58.01 129.86
Middle, middle - 1.34 14.92 50.78 125.36 249.10
Middle, tra ilin g  - 1.29 17.25 42.28 119.70

45 f t .  t ra ile rs , facing backward
T ra ilin g , middle 0.06 21.70 54.44 119.18 229.95
Middle, middle - 0.89 17.24 53.23 126.21
Middle, leading - 2.47 15.50 52.58 119.80

40 f t .  t ra ile r s , facing backward
T railing , middle 1.90 16.76 47.84 114.43 196.70
Middle, middle 0.70 11.84 27.97 79.14 168.11
Middle, leading 3.03 10.73 28.85 83.58

Empty, facing forward
Leading, Middle 2.07 5.88 9.70 19.13 27.33
Middle, middle 3.75 5.75 9.37 14.27 20.29
Middle, tra ilin g 4.05 7.91 11.83 20.65 31.71

29.78
40.72
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TABLE  3 ( c o n t i n u e d )

9 6>
UNITS ON BALANCE 
PATON LO PRO
40 f t .  tra ile rs , facing forward 

Middle, middle 5.53 25.04
Trailing, leading 8.95 32.31» ;

45 f t .  tra ile rs , feeing forward 
Middle, middle 7.47 27.77
Trailing, leading 10.44 34.78

40 f t .  tra ile rs , facing backward\
Middle, middle 3.91 25.31
Leading, tra ilin g  4.56 26.21

45 f t .  t r a ile r s , facing backward 
Middle, middle -  0.59 22.2?
Leading, tra ilin g  11,01 30.79

YAW ANGLE
12 18 24 30

£

6 8 . 6 6  144.34 248.82
80.06 159.26 270.03

< -
J .

62.60 151.39 292.39
80.88 173.44 316.15

I, - - ’ • ' -

65.00 141.27 237.62
65.27 154.78 286.75

59.63 140.88 256.77
73.43 150.24 251,44 363.47

57.18 75.66 91.18
60.82 83.22 106.19

40 f t .  containers s
Middle, middle 6.52 25.68 69.46 148.79 266.10
Trailing, leading 9.49 31.36 71.67- 139.97 253,47 35

Empty
Middle, middle 9.08 18.22 31.86
Leading, tra ilin g  12.43 22.53 36.94

35 f t .  containers i
Middle, middle 7.77 26.88 69.31 148-79 243.03
Trailing, leading 12.46 34.06 72.29 142.19 253.64
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TABLE 3 ( c o n t i n u e d )

YAW ANGLE
0 6 12 18 24 30

UNITS ON BALANCE
SOUTHERN PACIFIC DOUBLE STACK
Two 40 f t .  containers

Middle -  0.22 16.25 48.65 94.35 159.67
Trailing 10.82 19.58 39.09 78.61 144.93 219.60
Leading -  1.14 20.84 49.44 103.86 174.51

One 40 f t . container
Middle -  0.37 9.53 30.38 66.84 124.65 211.84
Trailing 3.81 12.28 25.13 62.45 122.72 190.91
Leading -  5.30 7.58 27.24 57.03 105.49 181.10

Empty
Middle 0.30 4.65 8.52 9.86 16.86 43.58
Trailing 3.02 • I—* o 5.80 4.77 9.84 28.79
Leading -  6.41 -  0.09 1.49 2.11 13.62 39.32

TRAILER TRAIN PROTOTYPE 
Two 45 f t .  tra ile rs

Facing forward -  4.78 18.63 47.72 148.12 283.83
Facing backward 1.23 17.78 52.53 129.03 254.66

Two 40 f t .  tra ilers  
Facing forward 0.08 21.56 62.54 141.28 249.28
Facing backward 0.41 18.43 57.89 118.74 215.37

Empty . 0.02 5.21 : 9.32 18.49 30.29 41.33

ROADRAILER
Two -  2.15 21.26 40.02 76.56 184.63 322.91
Two with sk irt -  4.56 18.38 43.49 74.13 182.91 317.52
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TABLE 4
SIDE FORGE AREA 

( f t .* )
For 1 or 2 units as specified

YAW ANGLE
0 6 12 18 24 30

UNITS ON BALANCE 
SANTA FE
45 f t .  tra ile rs , facing forward

Leading, middle -  4.25 51.54 139*84 260.14
Middle, middle -  7.99 45.37 119*88 236.97 352.33• • . | .

Middle, tra ilin g  -13.25 35.46 108.95 220.15
«• •

40 f t .  t ra ile rs , facing forward
-  9.31 46.54 130.46 237.06
-10.36 45.69 107.15 210.58 328.29
-11.94 34.58 98.10 193.66

45 f t .  trailers* facing backward
T railing, middle -  2.40 ' 43*43 132.08 244.27 376.96
Middle, middle -12.68 45.40 111.06 211.07
Middle, leading -12.69 40*59 96.72i 190.84

40 f t .  tra ile rs , facing backward
■|

Trailing, middle -12.94 40.42 112.39 214.67 344.05
Middle, middle -11.75 40.21 93.58 180.90 287.46
Middle, leading -12.60 44.53 98.03 187.53

Empty5
Leading, middle -  0.77 2.82 10.91 26*60 53.11
Middle, middle -  0*80 1.14 7.60 18.18 36.60 61.35

. Middle, tra ilin g -  0.78 . 3.32 ■ 11.35 24.16 46.76- 74.47

Leading, middle 
Middle, middle 
Middle, trailing

7 0



TABLE 4 ( c o n t i n u e d )

YAW ANGLE
0 6 12 18 24 30

UNITS ON BALANCE 
PATON LO PRO
40 f t .  t ra ile rs , facing forward

Middle, middle -10.14 43.12 111.86 203.30 320.04
T railing , leading -  6.24 42.05 122.25 228.98 354.62

45 f t .  t ra ile rs , facing forward *
Middle, middle -12.46 45.67 127.05 218.78 323.18
Trailing, leading -15.95 46.12 129.00 246.54 372.02

40 f t .  t ra ile r s , facing backward
Middle, middle -  9.80 35.60 92.21 183.30 307.98
Leading, tra ilin g -10.24 45.04 120.42 234.34 390.68

45 f t .  t ra ile r s , facing backward
Middle, middle -12.02 42.15 110.77 222.12 357.97
Leading, tra ilin g -  5.80 41.20 111.75 216.57 360.71

Empty
Middle, middle - 1 .5 4 4; 68 16.39 39 i 44 74.70
Leading, tra ilin g -  1.88 5.09 18.30 41.75 81.66

40 f t .  containers
X
5

Middle, middle -  7.27 33.42 89.13 169.27 279.09
Trailing, leading -  7.77 35.35 99.22 194.97 327.09

35 f t .  containers
' : 5

Middle, middle -  7.00 30.95 81.68 164.23 279.47
Trailing, leading -  7.35 31.72 91.57 189.93 341.83

538.06

115.22
131.46
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TABLE 4, (ic^iiriued) 

YAW ANGLE
; o

UNITS‘ ON BALANCE
SOUTHERN PACIFIC DOUBLE STACK

V
Two 40 f t ,  containers,

6 ' 12 18 24 30

Middle -  4.85 38,24 109'. 72 211,99 329.23
Trailing -12,69. 34.62 96.29 197.72 306.68 435.99
Leading -12,90 49.23 129.82 2^9,27 407.28

One 40 f t .  container
Middle -  2.97 12.52 37>44 77.01 122.65 170.60
Trailing -  4.97 10.24 35.20 72.07 113.40 167.88
Leading 

Empty -

-  4,27 15,70 50.96 102.90 163.26 227.68

Middle s- 2,69 13.09 .38.02 76,55 117.96 156.61
Trailing -  2.84 12,34 37.26 74,66 115.87 156.70
Leading r? 2.73

TRAILER TRAIN PROTOTYPE 
Two 45 f t .  tra ilers

16.95 50.69 .' 95.55 138.76 181.69

Facing forward ^13.82 53,37 137.81 235.41 361.42
Facing backward 

Two 40 f t .  tra ilers
-  9.74 : 45.38 98.91 201.08 342.91

Facing forward -  8.32 47.73 120,64 223.84 350,03
Facing backward -  8.54 45.79 105.38 209.29 349.88

Empty -  1.01 6.22 '19,57., - 39.64 66.43 98.61

roadrAiler

Two ^ 5.62 34,04 . 110,56' • 215.04 ' 315,8.2 426.08
Two with sk irt - 6 . 1 1 34.43 , 115,58 232.32 334.28 - ■ 452.78



TABLE 5
ROLLING MOMENT VOLUME 

( f t . 3)
For 1 or 2 units as specified  -  moment taken about top o f r a i l

YAW ANGLE
0 6 12 18 24

UNITS ON BALANCE 
SANTA FE
45 f t .  t r a ile r s , facing forward

Leading, middle -  13.9 444.8 1200.7 2223.3
Middle, middle -  61.5 361.0 978.6 1964.7 2945.2
Middle, tra ilin g -109.7 277.8 .888.7 1863.3

i f t .  t ra ile rs , facing forward
Leading, middle -  63.3 399.1 1304.6 2370.6
Middle, middle -  82.2 377.0 900.8 1813.6 2831.3
Middle, tra ilin g -  96.2 265.8 784.9 1618.3

45 f t .  t ra ile r s , facing backward ,
T railing, middle -  12.1 376.8 1154.5 2139.3 3401.3
Middle, middle -110.6 375.0 913.4 1779.7
Middle, leading -103.8 339.3 822.3 1674.3

40 f t .  t ra ile r s , facing backward
T railing, middle -123.8 335.4 966.9 1859.1 2993.6
Middle, middle - 8 0 . 0  309.8 727.1 1460.4 2375.1

. Middle, leading - 8 9 . 3  363.0 789.6 1569.3

Emp ty
Leading, middle -  2.4 2.8 23.1 58.5 124.7
Middle, middle -  6.6 9.4 4.1 32.2 79.5
Middle, tra ilin g  5.8 7.8 35.6 77.0 142,8

30

147.3
235.2
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TABLE 5 ( c o n t i n u e d )

0 6
UNITS ON BALANCE 
BATON LO PRO
AO ft.' tra ile rs , facing forward 

Middle, middle -  63.4 306.3
Trailing, leading -  29.3 289.3

45 f t .  t ra ile rs , facing forward 
Middle, middle -  74.0 323.0
Trailing, leading -119.0 330.3

40 f-t 1 tra ile rs , facing backward 
Middle, middle -  64.0 256.5
Leading, tra ilin g  -  71.4 316.7

45 ft* tra ile rs , facing backward. 
Middle, middle -  90.4 307.0
Leading, tra ilin g  -  31.3 288.2

Empty
Middle, middle -  4.9 22.0
Leading, tra ilin g  -  6.1 26.9

40 f t .  containers
i

Middle, middle -  32.7 202.3
Trailing, leading -  28.1 202.8 35

35 f t .  containers
Middle, m iddle." -  33.7 189.4
Trailing, leading -  29.9 182.2

YAW ANGLE
12 18 24 30

798.9 1472.0 2345.0
861.9 1631.0 2651.0

902.6 1583.9 2334.1
897.9 1774.5 2793.4

629.5 1269,3 2130.9
855.2 1685.1 2836.7

815.8 1625.0 2569.4
781.3 1525.3 2536.4 3791.5

85.3 182.7 308.4 426.3
94.1 191.7 347.8 536.2

581.2 1137.8 1867.9
610.4 1245.4 2125.9

517.5 1078.6 1808.1
540.3 1182.8 2202.1
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TABLE 5 (continued) 

YAW ANGLE
0

UNITS ON BALANCE
SOUTHERN PACIFIC ARTICULATED

6 12 

DOUBLE STACK

18 24

i

30

Two 40 f t .  containers
Middle -  30.3 354.8 972.2 1797.3 2774.3
T ra ilin g -104.1 337.2 886.0 1717.5 2611.7 4137.8
Leading -108.7 443.7 1099.6 2169.3 3805.5

One 40 f t .  container 
Middle -  19.4 68.4 213.8 439.0 691.6 983.8
T ra ilin g -  25.4 54.2 193.9 422.5 645.9 937.6
Leading -  20.1 76.7 263.6 553.3 891.3 1262.6

Empty
Middle 2.1 53.3 176.4 360.4 550.8 755.1
T ra ilin g -  6.9 44.1 162.5 335.3 528.8 728.2
Leading -  1.3 6.2 214.1 421.7 632.2 840.5

TRAILER TRAIN PROTOTYPE
Two 45 f t .  t r a ile r s  

Facing forward -116.5 455.7 1181.3 2060.3 3104.8
Facing backward -  74.1 377.8 988.8 2010.6 3428.9

Two 40 f t .  t ra ile r s  
Facing forward -  58.8 401.6 1053.2 1970.4 3051.2
Facing backward -  69.4 375.3 . 843.4 1712.3 2910.1

Empty 7.2 62.1 62.8 120.1 194.3 280.2

ROADRAILER
• *

Two -  35.1 237.2 772.7 1542.1 2291.3 3110.1
Two with sk ir t -  36.2 255.8 836.8 1691.2 2456.2 3362.3
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, APPENDIX A
RELATIVE WIND

The aerodynamic effects on the.train  depend upon the 
relative velocity of the wind with respect to the train . 
This velocity can be caused by either the wind over the 
ground or the motion of the tra in . The relative wind is 
found from a vector addition of these two quantities as 
shown in Figure A -l. The relative wind and yaw angle can 
be calculated using the following relations.

VR sina)2+(Vt  + Vw cos a )2

arctan
V sin a w ____
+ V, cos w

f

r
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Figure A -l. Diagram Illustrating  Relative Wind as Determined 
by Actual Wind and Train Speed.
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APPENDIX B
COMPARISON BETWEEN PRESENT TESTS AND PREVIOUS TESTS OF TTX CAR

A large number of tests were run in Reference 1 to deter
mine the aerodynamic properties of tra ile rs  and containers on 
TTX cars. In the present series of tests a check run was made 
of one of the configurations to determine i f  the previous re
sults would be reproduced by the present series of tests. The 
purpose of this check was to make sure that the tests in both 
series were being run in the same way and that uncontrolled d if
ferences had not occurred that would cause different results to 
be obtained. The comparison is shown in Figure B -l. Results 
for the TTX car loaded with two tra ilers  in both the forward 
and in the backward directions are shown from the previous 
tests and the check run for tra ile rs  run in the backward direc
tion from the present series. Unfortunately, at the higher- 
yaw angles contact existed between the metric car and the fixed 
ground plane. The presence of such contacts is  monitored by 
electrica lly  isolating the metric assembly from the fixed as
sembly and monitoring the electric resistance between the two. 
While this system did not indicate contact until the 24° yaw 
angle was, reached, the axial force area results show a leveling 
off after the 12° yaw angle measurement. The previous and pre
sent results seem to agree well up to the 12° yaw angle point 
but, as the yaw angle continues to increase, the present results 
do not continue to rise as do the previous results. The ex
planation would seem to be that the discrepancy is caused by the 
contact between the metric and stationary parts. The agreement 
at the low yaw angles is a good substantiation that the two 
sets of wind tunnel results are in agreement. I t  is unfortunate 
that i t  was not possible to repeat this check and determine whe
ther the proposed explanation is valid.

7 8
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, APPENDIX C
GROUND PLANE EFFECTS IN WIND TUNNEL TESTING

The aerodynamics of a vehicle near the ground are d if
ferent than those.of a vehicle far from the ground. This 
difference is called ground effect. For purposes of under
standing, aerodynamic phenomena are usually classified as 
viscous and inviscid. Inviscid phenomena are those in which 
the viscousity of the a ir is not important and viscous ones, 
ones in which the viscousity is important. Viscous effects 
are usually limited to the region near a solid surface, the 
thin layer along this surface which is called the boundary 
layer.

Inviscid Ground Effects
Inviscid ground effects are caused by the fact that the 

air disturbed by.the passage of the body is prevented from 
crossing the.ground plane. This effect can be of considerable 
importance. For instance, a cylindrical body with a component 
of flow perpendicular to the axis w ill have zero l i f t  far from 
the ground but w ill have considerable l i f t  close to the ground 
Measurements that substantiate this statement are given in 
References 3 and 4. The reason is that'away from the ground 
the a ir flows symmetrically around the Cylinder but near the 
ground most of the a ir must flow over the top. The effect 
upon axial force is less pronounced than on l i f t .  I t  can be 
expected to be greatest for bodies of approximately the same 
height as width, and be small for bodies which have one of 
these dimensions much larger than the other. The axial force 
on a body with approximately equal dimensions is lower than 
when;one dimension predominates (a sphere has a lower drag 
coefficient than a cylinder). The inviscid flow about a 
body on the ground is the same as that about a body made up 
of the original body and its  image in the ground plane when 
this new body is located far from the ground. I f  the body is 
already long enough so that the flow fie ld  is similar to that

80
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for a width to height ratio of zero or in fin ity , a. change in 
either of these dimensions by a factor of two w ill have l i t t l e  
effect. However, i f  the dimensions are about equal, a change 
in one of the dimensions by a factor of two is an important 
change of shape.

These inviscid effects are the ones which can be properly 
satisfied.in  wind tunnel tests and are the reasons for using a 
ground plane or equivalent.

Viscous Effects
The viscous effects of ground effect are not easily 

satisfied in wind tunnel tests. Viscous effects cause a shear 
force on the a ir in a direction to oppose motion between the 
a ir and the solid surface. A ground vehicle moves with respect 
to the ground and i t  is d iffic u lt to simulate this motion of 
the ground with respect to the vehicle in the wind tunnel. - 
This situation has been discussed in Reference 1 (especially 
pages 21-22). The. easiest solution is a ground plane Station
ary with respect to the model. This represents the poorest 
simulation of the viscous ground plane effects of the different 
methods to be discussed, since the wall shear force is in the 
wrongs direction, but does not introduce any additional problems. 
Another technique is the use of two models, the actual and an 
image model. Here symmetry requires that the image plane be 
a streamline and no shear forces are introduced by the wall 
since there is no wall. ( I t  is assumed that the model and 
image are far enough apart so that the boundary layer on the 
image model does not effect the actual model.) The third  
technique is to use a ground plane consisting of a moving belt. 
I f  the belt is run at the speed of the flow i t  properly simu
lates; a ground vehicle moving over the ground into s t i l l  a ir .
The viscous shear forces on the ground plane then act to main
tain the a ir speed at its  undisturbed value. This last method 
is a correct simulation to the actual situation. Its  disad
vantages are that i t  requires a special piece of equipment, 
that .the belt height is hard to control precisely, and that ' 
the model cannot be supported from the ground plane.

8 1



M  leiS t tWo investigators, References 4 and 5, have 
attempted td evaluate the errors caused by these different 
techniques fey Cdmparing the results found by using the d if-  
ferehtmethddsdhthe same models. These measurements show 
that the differences between the techniques are small and 
there was hot a edhsistaht trend between the d ifferent tech
niques ■. I f  the moving belt technique is assumed to give the 
correct answer, the image ihethod does not appear to be super
ior to the fixed ground plane technique. The conclusion drawn 
from these Studies is  that cniy in special circumstances is 
a technique Other than the fixed ground plane justified .

' A caiculatidn the hbUhdaty layer for the series of 
freight car tests fUh in the {ClfT wind tunnel was given in 

. ieference • i  and i¥peated here US figure ?G-lt. 'This figure shows 
that tlfe hduntey layer is an appreciable fraction of the 
height of the mtcaded multimodal Cars recently tested. I t  is 
hot Uhtii Equate tldse to  the Wall that the Ibdundary layer ve
locity  'df bps ■ htttcciM jle f  rom free stream velocity (0.8 free 
^stfghm te lb c ity 'a t Cif the IbbUndaTy layer height from.the 
’'Wall})'. Ughre '̂ Ĉ 2 ChoWS the t r a i le r  Ira in  iPrototype }car loaded 
‘With a l^?hiler hhd the Calculated boundary layer thickness at 
• the ■ Id  cation :-bf the 'ffi!etrlc.Car. 4



1 ; * i

Figure C-l. Boundary Layer on Ground Board Compared W i t h  Train Height.



Figure C-2. Boundary Layer Heights Shown in Comparison With. Trailer Train Prototype 
Car Loaded With Trailer;
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